Synthesis and characterization of metal complexes of the chiral tripyridyldiamine ligand Bn-CDPy3 (1), derived from trans-1,2-diaminocyclohexane, are described, along with theoretical studies that support the experimental data. These studies confirm that a single coordination geometry, out of five possible, is favored for octahedral complexes of the type Experimental and theoretical data indicate that the most stable coordination geometry for all complexes possesses the Cl group trans to a basic amine donor and three pyridyl donors adopting the mer geometry, with two pyridyl N-donors adopting a coplanar geometry with respect to the M-Cl bond and the third pyridyl donor perpendicular to that axis. Calculations indicate that the ability to favor a single geometry is born from the chiral ligand, which prefers to be in a single conformation in metal complexes due to steric interactions and electronic factors. Calculated structures of the complexes were used to locate key interactions among the various diastereomeric complexes that are proposed to create an energetic preference for the coordination geometry observed in the metal complexes of 1.
Introduction
The transfer of chirality from an asymmetric ligand to a metal center has been a long-standing principle of coordination chemistry. Due to their ability to create an asymmetric environment around the metal center, chiral ligands have been used extensively in asymmetric synthesis and catalysis, as well as supramolecular chemistry. The ability to predict and control the coordination geometry of a ligand when bound to a metal center is certainly an important aspect of this chemistry, because the geometry can dictate the shape of the molecule and the asymmetric environment around the metal center.
1 Chirality can be introduced into a ligand by using building blocks that contain planar chiral or stereogenic centers. Of the various building blocks available, trans-1,2-diaminocyclohexane has been common, serving as the key chiral constituent in hundreds of asymmetric ligands. Thus, this important chiral diamine can be considered a privileged scaffold for ligand design.
The coordination chemistry of nitrogen-rich pentadentate ligands has received much attention (Figure 1 ). Pentadentate ligands display the unique ability to coordinate to an octahedral metal center with five donors, while leaving the sixth position open for binding to an additional group. This special binding mode has led the way to a variety of interesting reactivities not easily accessed by other ligand types. In particular, these ligands have demonstrated the ability to stabilize high-valent metal centers 2, 3 and block bimolecular decay processes of reactive intermediates observed when using ligands of lower denticity. Also important has been their ability to participate in atom-or group-transfer reactions. 4 Groups found in the sixth position of such complexes have included oxo, [5] [6] [7] [8] [9] *To whom correspondence should be addressed. E-mail: jkodanko@ chem.wayne.edu.
(1) Knof, U.; Von Zelewsky, A. Angew. Chem., Int. Ed. 1999, 38, 303-322. and halogens. 17 Despite such attention, the element of chirality has been noticeably absent in these ligands. In fact, there are only a few examples of chiral pentadentate ligands reported that contain similar nitrogen-rich donor sets. [18] [19] [20] [21] [22] [23] [24] Considering there have been few reported examples of ligands of this type, we initiated studies to define new chiral pentadentate ligands with nitrogen-rich donor sets. To begin our studies, we chose to merge the privileged scaffold trans-1,2-diaminocyclohexane with the general structure of the R-TPEN class of pentadentate ligands (Figure 1 ). In this operation the ethyl bridge between the two basic amines of the parent Bn-TPEN was replaced with a cyclohexyl linker, yielding Bn-CDPy3 ( Figure 2 ). While seemingly straightforward, the new cyclohexane motif added complexity and new questions surrounding the coordination chemistry of the chiral ligand. By differentiating the amines of the diaminocyclohexane backbone, the C 2 symmetry of the ligand is destroyed, creating a C 1 symmetric ligand in its place. This lowering of symmetry creates the opportunity for the ligand to access more coordination modes than possible for tetra-or hexadentate ligands derived from trans-1,2-diaminocyclohexane that carry identical donors on the two amine centers. [25] [26] [27] [28] Furthermore, the element of chirality conferred by the cyclohexane linker would create the possibility for additional stereoisomeric coordination modes; that is, modes that were equivalent or enantiomeric in the case of the R-TPEN ligands would become diastereomeric in the case of the new chiral ligand. In this full paper, we expand on our initial studies that described the characterization of the complex [Co(Bn-CDPy3)Cl]Cl 2 29 and report that a single coordination geometry is preferred from five possible modes for transition metal complexes derived from the chiral pentadentate ligand Bn-CDPy3. In addition, we report theoretical studies that support these experimental observations, as well as molecular modeling studies that shed light on the origin of the remarkable control over coordination geometry that is observed with the asymmetric ligand BnCDPy3.
Experimental Section
Instrumentation. All reagents were purchased from commercial suppliers and used as received. NMR spectra were recorded on a Varian FT-NMR Unity-300, Mercury-400, or Oxford-500 MHz spectrometer. Mass spectra were recorded on a Waters ZQ2000 single quadrupole mass spectrometer using an electrospray ionization source. IR spectra were recorded on a Nicolet FT-IR spectrophotometer. UV-vis spectra were recorded on a Varian Cary 50 spectrophotometer. CD spectral data were recorded on a Chirascan circular dichroism spectrophotometer. Reactions were performed under ambient atmosphere. Oxygenand moisture-sensitive reactions were performed inside an MBraun Labmaster 130 glovebox. Molecular modeling studies were performed with the program MacPyMol.
Computational Details. All five isomers of the cobalt-, zinc-, and iron-containing structures were fully optimized using the TPSS pure functional 30 with an all-electron cc-pVTZ basis set [31] [32] [33] [34] [35] on the ligands and metals. Equilibrium geometries were confirmed using vibrational frequency analysis. For comparison, optimizations where also carried out with the B3LYP hybrid functional. [36] [37] [38] Single-point calculations were performed on the optimized structure of the ligand without the metal halide using the TPSS pure density functional with the cc-pVTZ basis set. NBO 39 analysis was used to look at the nature of the molecular orbitals of the calculated structures. NMR calculations were performed using the gauge-independent atomic orbital (GIAO) method [40] [41] [42] [43] with the TPSS functional and the cc-pVTZ basis set. The reference in the NMR spectrum was TMS (tetramethylsilane) calculated using the same functional and basis set. Calculations of the UV-vis spectra utilized time-dependent density functional theory (TD-DFT) [44] [45] [46] [47] [48] [49] [50] with the long-range corrected LC-ωPBE functional [51] [52] [53] [54] and the cc-pVTZ basis set. All calculations were performed using the development version of the Gaussian software suite. 55 Overlap studies with calculated structures were performed with MacPyMOL (see Supporting Information).
X-ray Crystallography. Diffraction data were measured on a Bruker X8 APEX-II kappa geometry diffractometer with Mo radiation and a graphite monochromator. Frames were collected at 100 K with the detector at 40 mm and 0.3 degrees between each frame and were recorded for 10 s. APEX-II 56 and SHELX 57 software were used in the collection and refinement of the models.
Crystals of [Co(Bn-CDPy3)Cl]Cl 2 (5) appeared as violet plates; 92 682 reflections were measured, yielding 17 503 unique data (R int = 0.052). Hydrogen atoms in the complex were placed in calculated positions. The asymmetric unit contains two independent Co complexes and a solvent region consisting of four chloride ions, six water solvates, and one ethanol molecule. Of these, the ethanol and one water molecule were highly disordered, lying near the inversion center, and a reasonable chemical refinement was not possible. Spek's PLATON program was employed to account for approximately 66 e -via SQUEEZE. 58 The highest ΔF peak (∼2 e -) was located in the vicinity of the disordered solvent. 
Results
Synthesis. Synthesis of the ligand Bn-CDPy3 began from the dipyridyldiamine 2, which is available in two steps from the commercially available starting material trans-1,2-diaminocyclohexane.
29 Treatment of 2 with one equivalent of 2-pyridinecarboxaldehyde in the presence of 4 Å molecular sieves gave aminal 3, a stable compound that was isolable by alumina chromatography, in 88% yield. Reduction of the aminal using NaBH 3 CN and TFA gave the tripyridyldiamine 4 in 96% yield, which was alkylated with BnBr to give Bn-CDPy3 in 99% yield and 84% overall yield from 2. The late stage introduction of the benzyl group during the synthesis of 1 was ideal, because analogues of 1 with different R-groups can be prepared readily from 4. For the studies presented herein, it was necessary to prepare the ligand in racemic form, starting from racemic trans-1,2-diaminocyclohexane, and in enantioenriched form, starting from the enantioenriched ligand (1R,2R)-(-)-1,2-cyclohexanediamine (99% ee). X-ray crystallographic studies were carried out with racemic ligand 1 in order to facilitate the crystallization process (metal complexes crystallized as racemates in the achiral space group P1, vide infra), and complexes derived from the enantioenriched 1 were used for CD studies.
Cobalt, zinc, and iron metal complexes derived from 1 were synthesized (Scheme 2). The Co(III) complex was prepared by treating the ligand 1 with 1 equiv of trans-[Co-(Py) 4 (9) , which was obtained as a colorless solid in 47% yield after washing with Et 2 O.
X-ray Crystallographic Studies. X-ray crystallographic data for compounds 5 and 8 (see Supporting Information for 6) and the parameters of data collections are described in Table 1. Tables 2 and 3 list selected bond lengths and bond angles, respectively.
The Co(III) complex 5 crystallizes as a racemate in the triclinic space group P1, with Z = 4. Two enantiomeric dications of [Co(Bn-CDPy3)Cl] 2þ that are nearly identical in structure are located in the asymmetric unit in addition to four chloride anions, consistent with the complex bearing a Co(III) center. Due to their similarity, structural parameters for only one of the dications are described herein; parameters for the second dication can be found in the Supporting Information. The cobalt center has a mixed N and Cl (N 5 Cl) donor atom set in which mer geometry is adopted by the three pyridine donors (Figure 3) . The coordination environment around the metal center possesses a slightly distorted octahedral geometry, with bond angles ranging from 84.09 (8) Crystallographic data for complexes 6 and 8 revealed that the [Fe(Bn-CDPy3)Cl] þ cation adopts a solid-state conformation that is nearly identical between the two compounds, with little influence from the tetrachloroferrate or perchlorate counteranion (see Figure 4 Figure 5a . In this spectrum, two resonances corresponding to the protons found on the 2-position of the pyridine rings are shifted downfield to 9.70 and 9.04 ppm, while the third 2-pyridyl C-H resonance is shifted upfield to 7.34 ppm (see red arrows). This assignment agrees well with calculated data and also with literature precedence (vide infra). (7) showed a paramagnetically shifted and relatively sharp 1 H NMR spectrum, with resonances ranging from -25 to 160 ppm (Figure 5c ). The high-spin nature of 7 was confirmed in the solid state with molar susceptibility of 4.90 μ B , which agrees well for a S = 2 Fe(II) compound. Resonances in the 1 H NMR spectrum of 7 that were broad and located the furthest downfield were assigned to the 2-pyridyl C-H protons based on precedence. 61 Interestingly, the same pattern is evident in the paramagnetic 1 H NMR spectrum of 7 as was observed for the diamagnetic compounds 5 and 7. Namely, two protons are located downfield at 160 and 141 ppm, while the third is upfield at 89 ppm.
Because X-ray crystallographic data for the Zn(II) complex 9 were not available, additional NMR data were acquired in order to support the structural assignment of 9. A combination of COSY, DEPT, and HMQC experiments were used to define protons and carbons in isolated spin systems in 9, and NOESY data were used to identify close contacts between protons through space. Key protons used in the structural assignment are indicated in Figure 6 ; a full assignment of all protons is located in the Supporting Information. Analysis of HMQC data indicated that the two methine protons of the cyclohexyl ring, H(6) and H(1), were located at 1.91 and 3.28 ppm, respectively, in the 1 H NMR spectrum of 9. The methylene proton H(13B) showed strong cross-peaks with H(6) and H(2B) in the NOESY spectrum, consistent with this proton lying between the two axial protons, a key structural feature of the preferred coordination geometry (vide infra). The pyridyl proton H(21) was assigned according to COSY data, which indicated that the proton H(24), assigned as the resonance furthest upfield in the 1 H NMR spectrum at 7.72 ppm, was in the same ring as H(21). This proton showed a strong cross-peak in the NOESY spectrum with H(19A), which was connected to H(5A), to H(1), and finally to H(7A).
UV-Vis Spectroscopy. The Fe(II) complex 7 dissolved in MeOH to form a yellow solution. The UV-vis absorption spectra of complex 7 showed two absorbances with λ max at 413 and 362 nm, with ε = 1910 and 1790 M -1 cm -1 , respectively ( Figure 7 ). The intensities of these bands are in good agreement with data for similar highspin Fe(II) complexes, which agrees well with the paramagnetic shifts observed in 1 H NMR spectrum obtained for 7 in CD 3 OD, as well as the solid-state magnetic susceptibility data. 62 The Co(III) complex 5 gives a purple solution with an absorption maximum at λ max = 555 nm, ε = 159 M -1 cm -1 with a shoulder at 388 nm ( Figure 7 ). CD Spectroscopy. CD spectroscopic analysis of the chiral pentadentate ligand (R,R)-Bn-CDPy3 (1) and the Zn(II) complex 9 revealed no CD activity in the range 200-800 nm. On the other hand, both the Co(III) complex 5 and the Fe(II) complex 7 showed Cotton effects ( Figure 8 ). In the case of the enantioenriched Co(III) complex 5, two major features were observed in the CD spectrum. A positive maximum is located at 415 nm, along with a bisignate couplet centered at the maximum absorbance of 5 (550 nm), characteristic of exciton splitting. In contrast, complex 7 showed a negative maximum at 508 nm, with no exciton coupling. Abouelatta et al.
Calculated Structures and Energetics
As shown in Figure 9 , five isomers can be constructed for M(Bn-CDPy3)Cl. The calculated relative energies are summarized in Table 4 In three of the five isomers of the M(Bn-CDPy3)Cl complexes, the pyridyl donors are arranged meridionally (isomers A, B, and C) and two are facial (isomers D and E). Isomer C is calculated to be the most stable. If it was not for the cyclohexane ring, isomer A would be the mirror image of isomer C and is the next most stable isomer. For each of the metals considered, isomer B is ca. 8 kcal/mol less stable than C. In B, the two pyridyl rings are trans to each other and are nearly coplanar, whereas none of the pyridyl rings in isomers A and C lie in the same plane. The two facial isomers, D and E, are 10-16 kcal/mol less stable than C. Isomers D and E have the two pyridyl rings coplanar and cis to each other. Both steric ligand distortion and ligand-metal binding energies contribute to the energy differences between the various isomers. The ligand distortion contributions are easily factored out by removing the metal chloride from the complex and computing the energy of the ligand frozen at the geometry of the complex. As shown in Table 4 , the ligand of isomer C has the lowest distortion energy for each metal considered. Because of the shorter metal ligand bond distances, the ligand in the Co(III) complex C is 20 kcal/mol more strained than the ligand in the corresponding Fe and Zn complexes. For a given metal, the ligand of isomer A has the next lowest distortion energy, and those for the remaining isomers are 3-6 kcal/mol greater than for isomer C. The distortion energies of the ligands in the facial isomers D and E are not significantly higher than for the meridinal isomers A-C.
If the difference in the ligand distortion energy is subtracted from the relative energy of the isomers, one is left with differences in the electronic contribution arising from the metal-ligand interactions. As indicated in Table 4 , the electronic contribution for the mer isomers A-C is 5-10 kcal/mol more stabilizing than for the fac isomers, D and E. There is a delicate balance between the numerous factors in the electronic contribution, and it is not possible to single out one dominant term either by looking at the NBO analysis or by examining the geometric parameters. However, inspection of the structures provides evidence for the trans effect [63] [64] [65] and for interactions of the metal-ligand bonds with the π system of the pyridyl rings. For example, metal-pyridyl bonds trans to an amine nitrogen in isomers A-C are always shorter than the metal-pyridyl bonds cis to the amine (see Table 2 ). The Fe-N and Zn-N bonds trans to Cl are longer than the corresponding bonds cis to Cl (for low-spin d 6 Co(III), other factors contribute and the trans lengthening by Cl is not evident). Interactions of the pyridyl π orbitals with the metal-ligand antibonding orbitals are most clearly seen in the fac isomers. The M-N bonds aligned with the π orbital of the pyridyl trans to the Cl (e.g., R(Zn-N4) 2.215 Å and R(Zn-N2) 2.286 Å for Zn isomer E) are longer than the a Energy of the M(Bn-CDPy3)Cl complex relative to isomer C. b Single-point energies of the complexes with the metal chloride removed, relative to isomer C; these energies reflect the differences in the ligand distortion energies in the various isomers relative to isomer C; the ligand distortion energies for isomer C are 20.64 and 1.08 kcal/mol greater for the Co and Fe complexes than for the Zn complex.
c Entire complex energies minus the ligand-only energies; these energies reflect the differences in the electronic interaction between the ligands and the metal chlorides. a Bond lengths in Å and bond angles in deg; for atom numbering see Figure 9 . For isomer C, the rmsd for the heavy atoms in the crystal structure versus calculated structure is 0. þ were calculated for comparison with the experimental data. As shown in Figure 10 , there is an excellent correlation between the calculated and observed chemical shifts for the three protons at the 2-position of the pyridine rings. For each complex, two of the resonances are downfield, while the third resonance is shifted upfield by approximately 1.5 ppm. The upfield shift is due to the shielding effect of the pyridyl ring situated directly below the 2-pyridyl proton, as shown in Figure 11 . A similar effect is seen in calculations of the iron complex, but is complicated by a very large paramagnetic contribution. Other isomers of the cobalt, zinc, and iron complexes also show a large upfield shift for 2-pyridyl protons that are directly above the π system of a pyridyl ring (see Supporting Information).
Discussion
The experimental and theoretical data presented herein indicate that the chiral pentadentate ligand Bn-CDPy3 displays a significant thermodynamic preference for adopting the same coordination geometry in metal complexes of the general formula [M(Bn-CDPy3)Cl], regardless of the metal ion. This observation is noteworthy because five different coordination geometries are possible for the chiral ligand complexes of this formula. In the cases of the Co(III) and Fe(II) complexes, X-ray crystallographic data were used to determine the structure of the complexes. For the Zn(II) complex, 1D and 2D NMR data were consistent with the assigned structure. For the Fe(II), Co(III), and Zn(II) complexes, the calculations agreed well with the experimental data, including calculations that produced the same pattern of two downfield and one upfield resonance in the 1 H NMR spectrum for the 2-pyridyl C-H groups of the Co(III) and Zn(II) complexes.
In part, the origin of conformation control can be understood by contrasting the data for Bn-CDPy3 complexes with crystallographic data of the related complexes derived from the achiral ligand Bn-TPEN. Compounds of the general formula [Fe(II)(Bn-TPEN)X] all crystallize with the same conformation ( Figure 12 , X = Cl), having the X group trans to the basic amine donor N(1) and the three pyridyl donors N(3)-N(5) adopting the mer geometry. In addition, two pyridine N-donors, N(3) and N(4), adopt a coplanar conformation of their rings with respect to the Fe-X bond, while the third donor ring containing N(5) is perpendicular to that axis. Therefore, the fact that Bn-CDPy3 would prefer to adopt the same conformation upon coordination to a metal ion is not a surprise. On the basis of this analysis, three of the conformers shown in Figure 9 (B, D, and E) can be eliminated from consideration as the most stable because they do not possess an X group trans to the basic amine donor N(1). Only two complexes with Bn-CDPy3, conformers A and C, adopt this preferred geometry. In the case of the Bn-TPEN complexes, the energetic difference between A and C is not an issue, because these conformers are enantiomers; therefore they are isoenergetic. However, with the chiral ligand Bn-CDPy3, A and C become diastereomeric; therefore they can exist at different relative energies. It should be noted that the same conformational preference was assumed for the cation [Fe H NMR data, which indicated the same pattern of two downfield and one upfield shift for the 2-pyridyl C-H resonances 5 and on DFT calculations of conformational energies for different isomers. 5, 66 What is interesting in the case of Bn-CDPy3 is what distinguishes conformations A from C. Both have the same features: X group trans to N(1) and a mer geometry of three pyridyl N-donors, with two coplanar and one perpendicular to the M-X axis. Yet, conformation C is preferred over A by greater than 2 kcal/mol in the Zn(II), Fe(II), and Co(III) complexes. Our calculations have indicated that the origins of energetic control over geometry are born from the ligand in addition to the electronic preference (see ligand-metal interactions, Table 4 ). Inspection of the calculated structures indicates the ligand preference may be due to interactions between the cyclohexane ring and the groups surrounding the metal center. Namely, the calculations show 2.65 kcal/mol stabilization for the ligand in conformation C relative to A when the metal ion is removed from the Co(III) complex. Upon inspection of the metal complexes, there are no severe destabilizing interactions, such as eclipsing interactions, that are readily apparent in A and not in C that would explain why C is preferred. However, superimposing the structures shown in Figure 13 gives some insight into the origin of stereocontrol (additional figures can be found in the Supporting Information). In order to visualize the overlap between the two structures in the most effective manner, the enantiomer of structure A (ent-A) was generated to create the same stereochemistry around the metal center, while the stereochemistry of the diaminocyclohexane unit was inverted. The metal atom, the five nitrogens, and the chloride were superimposed to produce the overlapped structures. As shown in Figure 13 , atoms surrounding the metal center exhibit good overlap, with the exception of the top pyridyl ring, which rotates slightly from structure C to ent-A. It is clear in C that the methylene hydrogen atom can occupy the cavity directly between two axial hydrogen atoms, as shown in Figure 13 . In ent-A, because the cyclohexane ring has undergone a ring flip, an axial hydrogen atom occupies this space; so in order to avoid an unfavorable nonbonding interaction, the 2-pyridyl methylene group rotates by 16°a nd bends by 18°relative to the Co-N-N-N plane in order to move away from the C-H group. This rotation also affects the bonding between the pyridine ring and the metal center, lengthening the distance by 0.018 Å . These interactions may explain both the ligand strain and ligand-metal binding contributions to the difference in energy between structures A and C in the Co(III) complexes. Similar interactions are found in the Zn(II) and Fe(II) complexes.
Conclusion
In conclusion we have described the synthesis of the chiral ligand (R,R)-Bn-CDPy3 and the characterization of zinc, iron, and cobalt complexes derived from the ligand. Structural data for these complexes revealed that a single coordination geometry is favored, by at least several kcal/mol, in metal complexes of Bn-CDPy3 out of five possible isomers. Theoretical data, which were in good agreement with experimental data, indicated that the preference for creating a single coordination geometry was due to both steric and electronic effects. Analysis of the calculated structures revealed some of the key interactions that enforced a strong stereoisomeric preference. Although the introduction of chirality into the pentadentate ligand certainly introduced more complexity in the coordination chemistry of the ligand relative to achiral ligands of this class, this work proves that control over geometry can be enforced and understood. A good understanding of these factors will pave the way for a selective synthesis of enantiopure complexes for applications in asymmetric catalysis.
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